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Abstract 
 In collaboration with Watson Furniture, this project seeks to identify the cause of surface 
roughness on composite panels processed into commercial furnishings. The surface roughness 
was examined and measured using an optical microscope, a scanning electron microscope 
(SEM), and a profilometer. The SEM and optical microscope provided qualitative data on the 
surface roughness as well as the film build of each layer. After an initial characterization of the 
manufactured samples provided by Watson Furniture, additional samples were fabricated for 
testing using different manufacturing processes than those used by Watson Furniture. These 
samples were constructed in-house using raw materials provided by Watson Furniture. The first 
experiment examined how the following factors impact surface roughness: glue composition 
(wt.% water), glue thickness, core material, and applied pressure. This preliminary experiment 
revealed decreasing surface roughness as glue amount increased. The results also indicated that 
using the core material industrial particleboard (IP) as opposed to medium density fiberboard 
(MDF) led to decreased surface roughness. The results showed no correlation between applied 
pressure or glue composition and surface roughness. Subsequent experiments following this 
investigation revealed similar results, barring one trial out of five which indicated the glue 
amount did not impact surface roughness. 
 
Introduction 
 Watson Furniture is an environmentally-friendly company that has taken steps to reduce 
landfill waste to a surprisingly low rate of six percent of their unused materials through activities 
including: using scrap fabric to make clothing articles such as handbags, reusing powder coating 
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on interior furniture surfaces, and producing biomass from their sawdust. Additionally, in 2013 
Watson Furniture was awarded the title of Environmental Innovator by the Association of 
Washington (State) Business. Improving the surface quality of Watson Furniture’s decorative 
surfaces will increase sales (that would otherwise likely go to less environmentally-friendly 
companies) resulting in an environmental improvement over the status quo.  A possible risk of 
this project is that the solution may come at a significant cost. For example, the solution may 
result in additional processing that yields more costly production for Watson Furniture. While 
changing the adhesive from polyvinyl acetate (PVA) to a more environmentally-taxing 
alternative may produce more favorable performance results, this does not line up with Watson’s 
commitment to the environment. As always, such a complex process requires a significant 
amount of research and deliberation in order to obtain an optimal solution. 
 
Background  
 A recent trend in the furniture industry is the use of a cheaper, durable alternative to solid 
wood: laminated furniture products. Most commonly, medium density fiberboard (MDF) or 
industrial particleboard (IP) is used as a substrate and overlaid with a thin veneer or a laminate to 
produce the bulk material. Because of consumers’ demand for high quality wood products, it is 
vital to investigate how each processing step can affect the surface roughness of the finished 
product.  
 Before delving into the effects of processing of these materials, the method of obtaining 
viable measurements of surface roughness must be examined. Previous approaches within this 
field of study include: optical and stylus profilometry, ultrasonic sensing, capacitive sensing, 
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laser scatter, optical light sectioning, scanning electron microscopy (SEM), and pneumatic 
methods [1], [2]. Similar to these prior studies, this investigation will utilize optical microscopy, 
SEM imaging, and a stylus profilometer (used according to ANSI standards) to give qualitative 
and quantitative values for surface roughness. In order to perform a surface roughness analysis 
using the stylus profilometer, the outputs must be understood. These include Ra, Rq, Rz, Rt, and 
Rsk. Figure 1 below gives a visual representation of these of these outputs [3]. Lowe and Spindloe 
describe these parameters and their relationships quite simply; Ra is the mean roughness while Rq 
is the root mean square roughness (RMS). The RMS value is affected more strongly by outliers 
than the mean value; therefore large differences between these two outputs indicate the sample is 
not uniform. Rt refers to the sum of the maximum peak and valley for the entire evaluation 
length (total linear distance tested), whereas Rz takes the sum of the maximum peak and valley 
within each sampling length (a designated length increment within the evaluation length) and 
averages them. A large difference between these two values would indicate there is a large defect 
present on the tested surface. Finally, Rsk gives a measure of the skew of the sample relative to 
the mean. For example, a negative value would indicate the surface has deep valleys and shallow 
peaks and a positive value would indicate the surface has high peaks and shallow valleys [4]. 
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Figure 1. Illustrations of various surface roughness outputs using a stylus profilometer [3].  
 
 The substrate surface is crucial to the topography of a laminated sample as surface 
defects on the MDF or may be telegraphed to the laminate surface. Examining processes that 
affect this roughness value will help us to determine methods to produce more specular surfaces 
for furniture applications. Hiziroglu and Suzuki conducted stylus profilometer readings on many 
different types of MDF and IP materials with a dual purpose. First, they hoped to establish 
roughness values for these materials fabricated in Japan relative to other producers. Secondly, 
they determined if the direction of the sandmark changes the roughness. The tested IP surface 
had an average Ra value of 4.68 µm, which is smooth for this material type. One of the IP 
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samples, produced using phenol formaldehyde with higher resin content on the face layers, 
resulted in the lowest Ra value of the tested IP surfaces (3.67 µm) due to more densification of 
the face layers. The average Ra value of the MDF samples was found to be 4.7 µm, which is 
comparable to other studies. Only one sample supported the hypothesis that surface roughness is 
different along the sandmarks as opposed to across them [5]. Another study examined the 
machining rates of the MDF to see how it affects surface roughness and found that an increase in 
spindle speed decreases surface roughness while increasing feed rate increases surface 
roughness. Figure 2 illustrates optically the effect the different feed rates had on the surface of 
the material [6].  
 
 
 
Figure 2. Photo images of the surface roughness of MDF machined using different feed rates. a) Feed rate = 0.5 
m/min, b) Feed rate = 5 m/min.  The spindle speed for both samples was 3,000 rpm. [6] 
 
 
 
 Lemaster and Beall examined the surface roughness of MDF subjected to different 
sanding treatments (80, 120, 150, 180, and 220 grit) and found that higher grit treatments had 
smoother surfaces. The 80 grit sample had an Rq value approximately 35 percent higher than the 
other treatments. Also, for the most part, the number of peaks and valleys showed a downward 
trend as the grit increased [2]. Another study mimicked Lemaster and Beall’s experiment with 
MDF samples laminated with polyvinyl chloride. They sanded MDF samples at 220, 240, 280, 
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and 320 grit, recorded the roughness values prior to lamination, and found that the data fit an 
exponential decay model with decreasing surface roughness as the grit increased as shown in 
Figure 3. The unsanded surface had a Ra value of 3.31 µm, whereas sanding the surface at 280 
grit dramatically decreased this value to 0.96 µm. Unfortunately, this experiment was primarily 
conducted to examine the effect the different surface roughness values would have on the tensile 
strength of the laminated sample; as such, no post-laminate surface roughness values were  
collected [7]. However, when these panels are used as a substrate for thin overlays, their surface 
roughness is crucial in determining the final quality of the part [5]. 
  Another determinant for the final surface quality of the panel is the surface roughness of 
the laminate or veneer laminated on the IP or MDF. Büyüksarı conducted an experiment 
subjecting oriental beech veneers to different thermal compression treatments (150°C, 180°C, 
and 200°C using 4 MPa and 6 MPa at each temperature for 8 min) prior to lamination of the 
veneer on a MDF substrate. It was found that as press temperature and pressure increase, the 
surface roughness of the laminated panel decreased: from an Ra value of 10.87 µm (untreated) to 
Figure 3. Model of tensile strength and surface roughness as a function of sandpaper grit used on MDF laminated 
with PVC [7].  
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4.97 µm (200°C, 6 MPa) [8]. The results from Büyüksarı’s experiment was replicated using 
Douglas fir veneer at pressures of 1.0 MPa, 2.0 MPa, and 2.5 MPa and at two temperatures of 
180°C and 210°C for 3 min [9]. Unlike Büyüksarı’s experiment, the thermally compressed 
Douglas fir veneer was tested without being laminated on a substrate surface but still yielded the 
same results: surface roughness decreases with increasing press temperature and pressure [9]. 
The laminate material to be investigated is supplied to Watson Furniture through a vendor. As a 
result, modifying the processing of this component would be outside of Watson Furniture’s 
purview. Only if the surface roughness values of the laminate itself are too high will this 
modification be pursued.  
 Many factors within the lamination process play a large role in the resultant surface 
roughness of the material. Noh, Yoon, and Jung ran trials altering the laminating process by 
changing the holding time and laminating pressure used on copper clad laminate with an epoxy- 
type adhesive layer [10]. While the materials used are dissimilar, the factors in this experiment 
still show variables (such as pressing time and applied pressure) that may be altered to control 
the surface roughness of laminated furniture materials. In a more closely related experiment, the 
effect of the glue amount per surface area (250 g/m2, 500 g/m2) on the properties of laminated 
panels made from both compressed and uncompressed oil palm trunk (OPT) were examined. 
Polyvinyl acetate was used to laminate the panels together, which is the same glue used to 
laminate the composite panels Watson Furniture produces. Table I outlines the applicable results 
of the experiment.  Unsurprisingly the laminate made of compressed OPT had lower Ra values 
(1.91 µm) than the laminate composed of uncompressed OPT (5.06 µm) [11]. This corresponds 
with the finding of Hiziroglu and Suzuki that the smoothest IP sample was due to higher 
densification of the face layers [5]. The literature does not have data relating surface roughness 
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and glue spread rates for laminated composite panels; data collected through this investigation 
should start to fill a gap in the knowledge of this field. 
 
 
 
Methodology 
Data Collection and Measurement 
 The property of interest, the surface roughness of the laminate, will be examined and 
measured using an optical microscope, a SEM, and a profilometer. The profilometer will 
measure the average surface roughness Ra of the sample. To ensure consistent and accurate 
values, ANSI standards will be followed when conducting tests of the different laminate 
Table I. Oil Palm Trunk Laminate Surface Roughness Results [11] 
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materials. Additionally, testing will be repeated at least thirty times per sample using the 
profilometer to make sure the experimental average represents the true mean of the sample. 
 The SEM and optical microscope will give qualitative data on the surface roughness. 
Using the microscope, the film build of each layer will also be observed. The film build may 
have an effect on the property of interest and will also give visual feedback as to which layer 
may be causing the problem.  
 
Experimental Design and Procedures 
 To set up the experimental plan for the glue trials, factors that may influence the surface 
roughness are considered: 
 Glue amount used 
 Composition of glue (wt % water) 
 Glue pattern 
 Temperature of cure (°C) 
 Applied pressure used in the pressing stage (atm) 
 Humidity  
 Core material type 
 Laminate type (decorative surface panels used) 
 Joint conditioning time (time between testing and after curing treatment) 
 The difference between laminate types and core material was investigated using samples 
provided by Watson Furniture. After this preliminary investigation using the assembled panels 
provided by Watson Furniture, future samples were constructed in-house using the materials 
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provided by Watson Furniture. Figure 4 shows the materials used and the assembly of the 
samples provided. The in-house samples were made by gluing a whiteboard panel to one side of 
a piece of core material. Whiteboard (the most specular surface) was used to provide greater 
statistical power since differences observed between treatment groups would be magnified 
proportionally.  The factors that are believed to have the biggest impact on the surface roughness 
were investigated in the first experiment. These factors are believed to be: glue composition, glue 
amount, core material type, and applied pressure used in the pressing stage. After analyzing the 
results from the primary experiment, the second, third, and fourth experiments focused on the 
effect of differing glue amounts and core materials.  
 
Figure 4. The core material (IP or MDF) has a layer of polyvinyl acetate based glue applied to it. Then the top layer, 
a decorative surface panel (or laminate type), is laid on top and the sample is pressed together.  
 
 
 
 The as-received glue composition may have too low of a weight percent water content, 
which may lead to insufficient spreading and absorption on the materials’ surfaces. This may 
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form bumps on the laminate as the glue forms globules from insufficient spreading. Therefore 
the levels of glue composition considered in this study were the as-received composition as well 
as a composition with 10% higher weight percent water. The glue composition was controlled by 
adding distilled water to the glue to attain the desired composition. The glue amount is 
determined by multiplying the surface area of the sample (3” x 3”) by the glue thickness. 
Targeted thicknesses of the glue layer were 4 mils, 7 mils, and 10 mils; the range of glue amount 
currently used by Watson Furniture is 6-8 mils.  The glue was applied the same way on each 
sample with the applicator being dragged along the length of the sample and then perpendicular 
to the length (Figure 5). 
 
 
Figure 5. The glue applicator is rolled in one direction creating a pattern of parallel glue lines on the surface of the 
core material. The applicator is then rolled perpendicular to the original direction to create a grid-like pattern of glue 
lines. 
 
 
 
A hydraulic press was used to apply a constant pressure to the laminate assembly after 
gluing (Figure 6). The applied pressure included the current 42.3 psi used by Watson Furniture, 
as well as a higher (50 psi) and lower (34 psi) pressure as this has been known to affect the 
surface roughness as shown in prior studies [8],[9],[10]. This range was chosen due to literature 
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stating that a range of 25-50 psi should be used for such laminations [12].  A Mitutoyo SJ-201 
profilometer was then used to measure the surface roughness Ra of the outermost whiteboard 
surface of the laminate. 
 
 
 
 
Figure 6. The hydraulic press used to apply pressure to the laminate.  The press is lined with a rubber mat above and 
below the samples to prevent the steel loading plates from imprinting on the samples’ surfaces.   
 
 
 
  
Material was supplied by Watson Furniture in the form of 6” x 6” samples.  These 
samples were cut into four equal 3” x 3” pieces to provide more samples for testing, yielding the 
following: 
 80 whiteboard laminates 
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 40 IP core material 
 40 MDF core material 
A representation of how the first glue experiment was conducted is shown in Table II. 
Each cell represents the treatment that was applied to each of the two type of core materials 
(MDF and IP). Whiteboard laminate was used in all cells of this experiment. The temperature 
and humidity of the room in which the experiments were conducted is monitored to ensure 
similar conditions for all the samples. In the preliminary experiment, samples were drawn from 
the cells marked “X” in Table 2 and processed in a random order to limit any effects the 
humidity and temperature might have. To reduce the impact of contaminants, a spray duster was 
used to clean the surfaces of the laminate components prior to assembly. Also, the samples were 
covered and placed on wax paper before testing to prevent dust from settling on the samples. A 
low-linting cloth (Kimwipes) was used to remove any particles that may have settled on the 
sample immediately before pressing.  
 
Table II. Experimental Plan for First Glue Experiment 
 
Glue Experimental Plan Glue amount 1         
(target 4 mils) 
Glue amount 2 Glue amount 3 
(target 10 mils) (target 7 mils) 
Glue Composition 1  
(as-received) 
Pressure 1 (34 psi)* 
X 
Pressure 1 
 
Pressure 1 
X 
Pressure 2 (42 psi) 
 
Pressure 2 
X 
Pressure 2 
 Pressure 3 (50 psi) 
X 
Pressure 3 
 
Pressure 3 
X 
Glue Composition 2  
(10 wt.% water higher) 
Pressure 1 
X 
Pressure 1 Pressure 1 
X 
Pressure 2 
 
Pressure 2 
X 
Pressure 2 
Pressure 3 
X 
Pressure 3 
 
Pressure 3 
X 
*For example both core materials in this cell would receive: glue composition 1, glue amount 1, and pressure 1. 
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Minitab software was used to draw meaningful conclusions from the data set. Using 
Minitab, the quantitative data collected from the profilometer was analyzed using a general linear 
model to determine the significance of any differences between the treatment groups or whether 
they are due to chance. 
 
 
Results 
 The samples manufactured by Watson Furniture were tested using the Mitutoyo 
profilometer to determine the surface roughness. It was found that there is a remarkable 
difference in the surface roughness Ra of the different laminate types (Table III).  
 
Table III.  Surface roughness of as-received samples provided by Watson Furniture.  Samples 
marked “w/ edge” indicate panels produced with a siding material attached along one edge of the 
assembly. 
 
 
 
Sample 
Average 
Ra (µm) 
Sample 
Average 
Ra (µm) 
Sample 
Average 
Ra (µm) 
Bare MDF 
Sample #1 
3.185 
Bare Whiteboard 
Sample #3 
0.024 
Asian Sand on 
MDF 
1.0985 
Bare MDF  
Sample #2 
3.4245 
Bare Whiteboard 
Sample #4 
0.024 
Asian Sand w/ 
edge on IP 
1.12875 
Bare IP  
Sample #1 
4.67725 
Whiteboard on 
MDF 
0.0265 
Bare Frosty White  
Sample #1 
3.40675 
Bare IP  
Sample #2 
4.20775 
Whiteboard w/ edge 
on IP Sample #1 
0.03 
Bare Frosty White  
Sample #2 
3.34975 
Bare 
Whiteboard  
Sample #1 
0.02822 
Whiteboard w/ edge 
on IP Sample #2 
0.02875 
Frosty White w/ 
edge on IP 
3.53175 
Bare 
Whiteboard  
Sample #2 
0.02711 Bare Asian Sand 0.5035 
Frosty White on 
MDF 
3.48425 
    Bare Madagascar 1.01625 
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Using Minitab to analyze this data, there was a clear trend with regard to the different top 
decorative panel type. Table IV shows the grouping of the top decorative panels by surface 
roughness Ra. Means that do not share a letter are significantly different.  N represents the 
number of profilometer runs for that particular sample.  
 
Table IV Grouping of decorative panels using the Games-Howell Method with 95% confidence 
Factor N Mean (µm) Grouping 
Frosty White 40 3.4068 A 
Madagascar 40 1.0163 B 
Asian Sand 40 0.5035 C 
Whiteboard  45 0.02822 D 
  
 
These results indicate the ranking of surface roughness Ra of the decorative surface 
panels are as follows: Whiteboard < Asian Sand < Madagascar < Frosty White. When testing the 
bare core materials (with no top decorative surface panel), the results indicated that the IP has a 
higher surface roughness than the MDF. The other factor investigated was the effect the core 
material has on the surface roughness of the assembled multilayer samples. There was not 
significant evidence to suggest that the means were different with regards to core material type in 
all cases, but the general trend suggested that samples that were not glued onto a core material 
had the lowest surface roughness. However, the differences between the surface roughness Ra of 
the composite panels did not seem to significantly differ between panels laminated on IP versus 
MDF. The samples provided were limited in number and therefore this factor was not dropped 
from consideration in subsequent experiments.   
 The microscope images that best characterize the samples provided by Watson Furniture 
can be found in Appendices A - L. It is hard to definitively draw conclusions about the relative 
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surface roughness from optical microscopy alone, but some important trends were notable from 
the collected images. The Asian Sand, Frosty White, and Madagascar samples had a textured 
surface with dents and protrusions. Contrastingly, the Whiteboard sample had shallow scratches 
on the surface that were strongly oriented in the same direction. The kraft paper backing was also 
studied under optical microscopy and was characterized by “tree trunk” spines running parallel 
to each other. This allows for a stronger bond between the paper and the applied adhesive.  The 
bare IP and MDF samples looked very similar, with IP showing higher peaks and lower valleys 
than the MDF sample. The images from the SEM show the clearest results with a noticeable 
difference in surface quality between the decorative panels that correspond with the conclusions 
made from analyzing the profilometer data set shown in Table III.  
Raw data from the first experiment investigating the impact of glue composition, glue 
amount, core material type, and applied pressure on the surface roughness Ra of the in-house 
produced assemblies are shown in Appendix M. Before proceeding with the general linear model 
to test the impact any of these factors might have, the assumptions the test makes must be 
verified. The sampling distribution must follow a normal distribution and the variance between 
the treatment groups must be equal. The null hypothesis that the distribution is normal was tested 
and yielded a p-value of 0.834 suggesting that there is not significant evidence to refute the null 
hypothesis. Similarly the p-value from the test for equal variance was 0.875 suggesting that the 
null hypothesis that the variances are equal is correct. 
Given that the assumptions of the general linear model are met, this model was used to 
examine the differences between the treatment groups. The output from this test as well as the 
main effects plot are shown in Table V & Figure 7. In Table V, DF represents the degrees of 
freedom for the factor being considered. The adjusted sum of squares (Adj SS) is a 
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representation of the variation or deviation from the mean. The adjusted mean of squares (Adj 
MS) is an estimate of the population’s variance; it is found by dividing the Adj SS by the DF. 
 
 
Table V. Application of general linear model to preliminary experiment. 
 
Source DF Adj SS Adj MS F-Value P-Value 
Pressure 1 0 0 0.08 0.791 
Glue Amount 1 0.000008 0.000008 5.67 0.063 
Core Material 1 0.000002 0.000002 1.25 0.314 
Glue Composition 1 0 0 0.18 0.692 
Pressure*Glue Amount 1 0 0 0.31 0.6 
Pressure*Core Material 1 0.000001 0.000001 0.96 0.372 
Pressure*Glue Composition 1 0 0 0 1 
Glue Amount*Core Material 1 0.000007 0.000007 5.02 0.075 
Glue Amount*Glue Composition 1 0 0 0.02 0.894 
Core Material*Glue Composition 1 0.000002 0.000002 1.25 0.314 
Error 5 0.000007 0.000001   
Total 15 0.000028    
  
 
 
 
Figure 7. Plot of the average Ra by treatment group for the preliminary experiment. 
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There were no significant results if an alpha value of 0.05 is used, but as this is the first 
experiment and the number of samples used was limited to twenty, this result is not unexpected. 
Looking at the p-values we see the factors that are most likely to affect the Ra of the in-house 
prepared samples are glue amount (with a p-value of 0.063), core material (with a p-value of 
0.314), and finally the interaction between glue amount and core material (with a p-value of 
0.075). Also, the interaction between glue composition and core material was notable (with a p-
value of 0.314), but as glue composition by itself seemed to have a minimal impact, the 
interaction between glue composition and core material was dropped from further investigation. 
As the glue amount increases, the surface roughness Ra of the samples decreases. Also, 
using IP as a core material as opposed to MDF resulted in lower Ra. There is no clear trend 
demonstrated by the applied pressure used. Ra decreased slightly with the increase in weight % 
water present in the glue, but only by a small amount. 
The interaction between the core material and the glue amount is shown in the interaction 
plot below (Figure 8). The amount of glue used seems to impact Ra more in the assemblies with 
MDF as the core material. 
Based on the results of this preliminary experiment, subsequent experiments focus on the 
factors of glue amount and core material. Tables VI and VII show the design of experiments for 
these subsequent experiments.   
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Figure 8. The average Ra of each treatment group by core material and glue amount in the preliminary glue 
experiment (see Table II). Perpendicular lines indicate strong interaction between the factors. 
 
 
Table VI. Plan for experiment #2, showing number of samples per cell. 
 
 
 
 
 
 
 
 
Table VII. Plan for experiments #3 and #4, showing number of samples per cell. 
 
 
 
Experiment #2 
Glue Amount (mils) 
4 7 10 
Core Material MDF 4 4 4 
IP 4 4 4 
Note: Samples pressed at 42 psi and the glue 
composition used was as-received. 
 
Experiments #3 & #4 
Glue Amount (mils) 
4 10 
Core Material MDF 3 3 
IP 3 3 
Note: Samples pressed at 42 psi and the glue 
composition used was as-received. 
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Table VIII compiles the results from experiments #2 - #4. Experiment #3 and #4 are 
replicates as the results from experiment #3 showed promising results that could be strengthened 
by running more samples with the same treatment cells. The p-value for the test for normality 
was 0.316, which is insufficient to reject the null hypothesis that the sampling distribution is 
normal. The test for equal variance produced a p-value of 0.965, suggesting that the null 
hypothesis that the variances are equal cannot be refuted. As such, the conditions for the general 
linear model were met and the data was analyzed according to this model. 
 
Table VIII.  Application of general linear model to experiments #2 - #4. 
 
Source DF Adj SS Adj MS F-Value P-Value 
Core Material 1 0.00001 0.00001 6.28 0.015 
Glue thickness 2 0.000005 0.000003 1.7 0.192 
Experiment 3 0.000006 0.000002 1.17 0.331 
Pressure 2 0 0 0.09 0.917 
Glue Composition 1 0 0 0.09 0.77 
Error 58 0.000093 0.000002   
Lack-of-Fit 24 0.000039 0.000002 1 0.49 
Pure Error 34 0.000055 0.000002   
Total 67 0.000156    
 
 
 
The p-value of 0.015 for core material type suggests that the core material type 
significantly impacts the surface roughness Ra of the samples. The other factor investigated, glue 
amount, does not display a strong p-value (0.192), suggesting that its impact may simply be due 
to chance. Figure 9 shows that the same general trend was found in the proceeding experiments. 
However, lower surface roughness values for lower target glue thickness were noted in 
experiment #2, contrary to the general trend. This brought into question the validity of the 
experiment. It was noticed in experiment #2 that the joint conditioning time (the time between 
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the completion of sample production and Ra measurement) was not kept constant (it ranged from 
2-5 days), and this was believed to possibly be a variable that may have led to the unusual 
results. In all other experiments the joint conditioning time was held nearly constant (all samples 
in the same experiment had a joint conditioning time within 1 day of each other), but ranged 
from experiment to experiment. 
The next experiment focused on the factor of joint conditioning time. This experiment 
mirrored the treatments of experiments #3 and #4 with just one sample in each treatment group 
to conserve the decreasing amount of material left for making assemblies.  The p-value from this 
experiment was 0.039, indicating that the joint conditioning time could have been a lurking 
significant variable in experiment #2, as its variation seems to impact the surface roughness Ra of 
the sample. The trend shown by the main effects plot (Figure 10) seems to indicate that as the 
joint conditioning time increases, the surface roughness decreases. However there is some 
variation in this trend as the samples that were tested five days following their construction 
actually had higher surface roughness values than any other joint conditioning time. 
Given that joint conditioning time seems to affect the surface roughness, and since the 
experiment #2 had large variation in joint conditioning time, the results from experiment #2 were 
excluded from further consideration. Examining the remaining data, the assumptions made by 
the general linear model were still met. The results produced by this statistical test are shown in 
Table IX. 
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Figure 9. Average Ra by core material type and glue amount. 
 
Figure 10. Average Ra by joint conditioning time.  
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Table IX. Analysis of data using general linear model excluding experiment #2 
 
Source DF Adj SS Adj MS F-Value P-Value 
Glue Thickness 2 0.000011 0.000006 3.57 0.037 
Core Material 1 0.000012 0.000012 7.42 0.009 
Joint Conditioning Time (Days) 2 0.000025 0.000013 8.1 0.001 
Error 42 0.000066 0.000002   
Lack-of-Fit 8 0.000008 0.000001 0.61 0.765 
Pure Error 34 0.000057 0.000002   
Total 47 0.000116    
  
Excluding experiment #2 lowered the p-values of all the considered factors. The most 
notable change is that the p-value for glue thickness drops below the alpha value to 0.037, 
indicating that increasing glue thickness likely lowers the surface roughness of the composite 
panel.  
 
Discussion   
 As the glue amount increased, the surface roughness Ra of the resulting sample 
decreased. This is likely due to the increase in the glue thickness allowing for a greater “buffer 
zone” between the substrate and the top decorative surface panel to absorb and compensate for 
changes in surface roughness. Increasing the thickness of this buffer layer would better hide any 
large defects present on the core material’s surface, resulting in a lower surface roughness of the 
outermost layer of the assembly. 
 The glue composition was believed to be a key factor as the increase in weight % water 
lowers the viscosity of the liquid, allowing it to flow more easily over the substrate surface and 
create a more uniform glue layer thickness. However, its impact appears to be limited. It is 
possible that this factor had an effect on the overall surface roughness, but if so its impact was 
too small to detect. Another possibility is that the increase in water content, which may 
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eventually evaporate out of the glue layer, led to an effectively lower glue thickness that could 
have minimized any benefits the increased water content had to offer. 
 Similarly it was found that altering the pressure used during the pressing stage did not 
significantly impact the surface roughness Ra of the composite assembly. A lower pressure may 
result in insufficient spreading of the glue and would likely not help reduce surface roughness. 
The only positive effect of using lower pressure is that it would lower the likelihood of the press 
imprinting any of its surface roughness onto the samples. It was noted that for many samples 
small amounts of glue seeped out of the samples during the pressing stage. While increasing the 
pressure may have better spread the glue, it also lowered the effective glue thickness, therefore 
limiting the positive benefits on Ra of evenly spread glue.  
 
Conclusions: 
 The ranking of surface roughness (Ra) of the decorative surface panels are: Whiteboard < 
Asian Sand < Madagascar < Frosty White. 
 As the glue target thickness increased, the surface roughness decreased due to an 
increased buffer zone formed by the glue layer that prevents the surface roughness of the 
core material from telegraphing to the surface of the outermost layer of the assembly. 
 Increases in joint conditioning time (the time between the end of the pressing stage and 
when surface roughness measurements are made) most likely leads to a decrease in 
surface roughness. 
 Using the core material IP as opposed to MDF resulted in lower surface roughness 
 Applied pressure and glue composition did not appear to affect surface roughness Ra. 
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Appendix A. Bright field light microscope image of Whiteboard decorative panel. 
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Appendix B. Bright field light microscope image of Madagascar decorative panel. 
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Appendix C. Bright field light microscope image of Frosty White decorative panel.
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Appendix D. Bright field light microscope image of Asian Sand decorative panel.
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Appendix E. Dark field light microscope image of exposed side of kraft paper backing. 
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Appendix F. Dark field light microscope image of industrial particleboard core material. 
 
 
 
 
 
 
 
 
 
-33- 
 
Appendix G. Dark field light microscope image of medium density fiberboard core material. 
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Appendix H. Bright field light microscope image of cross section of assembled laminate. 
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Appendix I. Low vacuum mode SEM image of Whiteboard decorative panel. 
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Appendix J. Low vacuum mode SEM image of Asian Sand decorative panel. 
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Appendix K. Low vacuum mode SEM image of Frosty White decorative panel. 
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Appendix L. Low vacuum mode SEM image of Madagascar decorative panel. 
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Appendix M.  Results from all experiments 
 
Experiment 
Sample 
ID # 
Core 
Material 
Glue 
thickness 
(mils) 
Relaxation 
Time 
(Days) 
Glue 
Type 
 
Pressure 
(psi) 
Average Ra 
(µm) 
1 1 MDF 4 3 1 50 0.023666667 
1 2 MDF 7 3 2 42 0.023666667 
1 3 MDF 10 4 1 34 0.022333333 
1 4 MDF 10 4 2 34 0.021333333 
1 5 MDF 10 3 1 50 0.021333333 
1 6 MDF 4 4 1 34 0.025333333 
1 7 MDF 4 3 2 50 0.024666667 
1 8 MDF 4 4 2 34 0.022666667 
1 9 MDF 7 3 1 42 0.023666667 
1 10 MDF 10 3 2 50 0.020333333 
1 11 IP 10 3 1 34 0.021333333 
1 12 IP 10 3 2 34 0.022 
1 13 IP 7 4 2 42 0.022 
1 14 IP 4 3 1 50 0.023333333 
1 15 IP 10 3 1 50 0.022 
1 16 IP 4 4 2 50 0.021666667 
1 17 IP 10 4 2 50 0.022666667 
1 18 IP 7 4 1 42 0.021666667 
1 19 IP 4 3 2 34 0.022666667 
1 20 IP 4 3 1 34 0.020666667 
2 1 MDF 4 5 1 42 0.023 
2 2 MDF 4 2 1 42 0.023666667 
2 3 MDF 4 5 1 42 0.025333333 
2 4 MDF 4 2 1 42 0.023333333 
2 5 MDF 7 5 1 42 0.024333333 
2 6 MDF 7 5 1 42 0.024666667 
2 7 MDF 7 2 1 42 0.022333333 
2 8 MDF 7 5 1 42 0.025666667 
2 9 MDF 10 2 1 42 0.023333333 
2 10 MDF 10 5 1 42 0.025333333 
2 11 MDF 10 5 1 42 0.026666667 
2 12 MDF 10 5 1 42 0.025666667 
2 1 IP 4 5 1 42 0.024285714 
2 2 IP 4 5 1 42 0.023666667 
2 3 IP 4 5 1 42 0.024333333 
2 4 IP 4 5 1 42 0.022666667 
2 5 IP 7 5 1 42 0.025 
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2 6 IP 7 5 1 42 0.026129 
2 7 IP 7 5 1 42 0.024333333 
2 8 IP 7 5 1 42 0.022333333 
2 9 IP 10 5 1 42 0.024285714 
2 10 IP 10 5 1 42 0.024666667 
2 11 IP 10 5 1 42 0.022666667 
2 12 IP 10 5 1 42 0.025333333 
3 1 IP 4 1 1 42 0.023333333 
3 2 IP 10 1 1 42 0.025333333 
3 3 IP 10 1 1 42 0.022333333 
3 4 IP 4 1 1 42 0.024666667 
3 5 IP 4 1 1 42 0.024333333 
3 6 IP 10 1 1 42 0.023 
3 1 MDF 10 1 1 42 0.023666667 
3 2 MDF 4 1 1 42 0.027 
3 3 MDF 4 1 1 42 0.024 
3 4 MDF 10 1 1 42 0.025333333 
3 5 MDF 4 1 1 42 0.025333333 
3 6 MDF 10 1 1 42 0.023666667 
4 1 IP 10 1 1 42 0.022666667 
4 2 IP 4 1 1 42 0.022666667 
4 3 IP 10 1 1 42 0.021666667 
4 4 IP 4 1 1 42 0.024516129 
4 5 IP 10 1 1 42 0.023333333 
4 6 IP 4 1 1 42 0.02625 
4 1 MDF 10 1 1 42 0.025 
4 2 MDF 10 1 1 42 0.025333333 
4 3 MDF 4 1 1 42 0.024333333 
4 4 MDF 10 1 1 42 0.022666667 
4 5 MDF 4 1 1 42 0.025 
4 6 MDF 4 1 1 42 0.026333333 
5 1 MDF 4 3 1 42 0.024 
5 2 MDF 10 3 1 42 0.025 
5 1 IP 4 3 1 42 0.023 
5 2 IP 10 3 1 42 0.025 
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